The existence of an EPR signal in a biological sample provides direct evidence for the presence of free radicals in the sample. ' If hyperfine structure is discernible in the signal, the free radicals may be identifiable by comparison with known spectra. In a signal which is due to a known radical, the quality of the hyperfine structure can indicate the extent of binding of the radical to macromolecules.' 3 We report here that an EPR signal develops when any one of the inhibitorsphenazine methosulfate, streptonigrin, or rubiflavin-is added to a suspension of bacteria. The existence and structure of these signals may prove important to understanding the mode of action of the inhibitors. EPR observations were made with a Varian V-4502 EPR spectrometer employing 100-kc magnetic field modulation. The sample was placed in the Varian aqueous sample cell. Magnetic field calibration was carried out with an aqueous solution of peroxylamine disulfonate in saturated sodium carbonate. Estimates of the number of electron spins/ml were made by comparison with a standard sample (pitch inKCl) supplied by Varian. Such estimates give only order of magnitude because of the difference in geometry between the standard and the sample cell.
Streptonigrin (NSC 45383) was a gift from Dr. Tom J. McBride of the John L. Smith Memorial for Cancer Research. Rubiflavin (batch AA-3250-115-1) was a gift from Dr. Adorjan Aszalos of the Squibb Institute for Medical Research. Phenazine methosulfate was purchased from Nutritional Biochemicals Corporation. These inhibitors were used without further purification.
EPR observations were made with a Varian V-4502 EPR spectrometer employing 100-kc magnetic field modulation. The sample was placed in the Varian aqueous sample cell. Magnetic field calibration was carried out with an aqueous solution of peroxylamine disulfonate in saturated sodium carbonate. Estimates of the number of electron spins/ml were made by comparison with a standard sample (pitch inKCl) supplied by Varian. Such estimates give only order of magnitude because of the difference in geometry between the standard and the sample cell.
Results.-EPR spectra obtained from free radicals of PMS, streptonigrin, and rubiflavin are presented in Figures 1, 2 , and 3. The free radicals were prepared in each case both by chemical and biological reduction of the corresponding unreduced form. Biological reduction was effected in suspensions of log phase cells of either B. megaterium or E. coli, with the exception that with rubiflavin only E. coli gave a signal. The quinone and a source of electrons, such as ethanol, were added to a small volume of the bacterial suspension, and a portion was charged in the aqueous sample cell. As a result of metabolic oxidation of the electron source, the contents of the cell became anaerobic quite rapidly, and thereafter the quinone acted as the principal electron acceptor. Ethanol was found to provide electrons at a convenient rate for observation of the free radicals. Other possible electron sources were screened, using streptonigrin and E. coli. Glucose, acetaldehyde, n-butyl, n-propyl, and isopropyl alcohols gave no signal. Methanol gave a very weak signal; acetone was somewhat better. It is possible that the ethanol performs some other function than simply to act as a source of electrons, since glucose should also perform the latter function. With PMS glucose caused the rapid development of a fairly strong signal which disappeared rapidly. In each case it was necessary to monitor the signal for a time before maximum intensity developed. With PMS this occurred typically in about 20 min. Thereafter, the signal decayed rapidly and was undetectable after about 40 min. Visual inspection at the end of this time showed that the PMS was completely bleached, indicating total reduction. The signals for streptonigrin and rubiflavin radicals appeared within about 10 min and did not achieve maximum intensity for about 1 hr. Thereafter, the signals persisted undiminished for at least another hour.
The hyperfine structure of PMS ( Fig. 1 ) is more detailed than previously reported.5 The 0.5-gauss splitting which is observed in tris medium (pH 7.4) was also obtained in the absence of buffer (2 mg/ml PMS), but reduction in 1 M phosphate buffer (pH 7.0) gave only the 5.6-gauss splitting observed by Zaugg. It is estimated that at the time of maximum signal strength there were about 1015 spins/ml in the case of PMS, 1014 spins/ml in the case of streptonigrin, and 1014 spins/ml in the case of rubiflavin.
Discussion.-These experiments demonstrate that the free radicals of streptonigrin, rubiflavin, and phenazine methosulfate can be generated by the action of living cells and that the radicals have an appreciable lifetime, at least under anaerobic conditions.
For the cases of PMS and streptonigrin, comparison of the hyperfine structures of the signals obtained by biological reduction and by chemical reduction leaves no doubt that the signals are due to the corresponding radicals rather than to an endogenous radical such as that of a flavin. Since hyperfine structure is missing in the signal appearing in the presence of rubiflavin, the identification of this signal as being due to the rubiflavin radical must be regarded as only a reasonable assumption. If the signal is indeed due to the rubiflavin radical, then the absence of structure is highly significant. It has been shown3 that when flavin mononucleotide radical is associated with apoenzyme, the EPR signal lacks its usual hyperfine structure and appears similar to the signal for flavin mononucleotide radical immobilized by low temperature. From is no longer averaged out. The resultant broadening of the hyperfine lines renders them no longer distinguishable. Assuming that the same considerations hold in the case of rubiflavin, the absence of structure in the biologically reduced case suggests that the radical is not free to rotate due to binding to macromolecular components of the cell. Hyperfine structure, if present, should have been resolved in spite of the weakness of the signal, since the amplitude of the magnetic field modulation was one fifth of that used in resolving the hyperfine structure in the case of chemical reduction. It should be noted that the chemical reduction was carried out in the presence of basic methanol rather than tris medium, and this difference might also account for the difference in signal structure.
The persistence of PMS radicals when reduction is carried out chemically indicates an inherent stability of the radicals and is to be contrasted with their disappearance in the case of biological reduction. Their disappearance in the latter case is not surprising, since in the absence of oxygen the continuing availability of electrons would eventually bring all molecules of PMS to the fully reduced, diamagnetic state. The streptonigrin and rubiflavin radicals persisted for a much longer period than the PMS radicals. This persistence may be due to a direct or indirect inactivation of cellular metabolism by the antibiotics, rendering the cell incapable of transferring additional electrons to the antibiotics.
Although little can be said with certainty concerning the events occurring during the appearance and disappearance of the free radicals, one might expect that the inhibitor molecule receives an electron enzymatically during oxidation of a metabolite such as NADH, and that the resultant radical diffuses through the cytoplasm and either becomes bound intracellularly or passes out of the cell and eventually disappears through disproportionation. We were led to the present work through consideration of the mode of action of streptonigrin in inhibiting bacterial cultures. Streptonigrin kills bacteria in a pattern which is strikingly similar to the bactericidal action of mitomycin.68 These two antibiotics are also structurally similar in that both have amino quinone moieties.9 Mitomycin is known to bring about cross-linking of the DNA strands,'0-13 following intracellular reduction.14 Both antibiotics are synergized by such agents as cyanide, phenethyl alcohol, and carbonyl cyanide phenylhydrazone, all of which may facilitate reduction of the antibiotics.7' 8 Both are antagonized by PMS, an effect explainable as a competition for electrons.' This pattern of events suggests that streptonigrin, like mitomycin, is reduced intracellularly and that it subsequently attacks the DNA, causing some sort of lethal damage. However, cross-linking of DNA by streptonigrin has not been detected. In seeking an explanation for the action of streptonigrin, it seemed possible that the antibiotic might be reduced to the semiquinone, which might then attack the DNA. The present work has confirmed the first part of this notion and thus made the second part more plausible. The postulated damage to DNA might consist of modification of a base, breakage of one or both strands, or covalent binding of the antibiotic to the DNA (although the possibility of such binding has been investigated with negative results).10 The presence of hyperfine structure in the streptonigrin signal does not exclude the possibility that a small proportion of the streptonigrin radicals are associated with the DNA.
Rubiflavin is a recently discovered antibiotic of unknown structure.15 Prelimi- nary studies" have indicated that it inhibits DNA metabolism preferentially and that it interacts strongly with DNA in vitro. The finding that it forms free radicals intracellularly and that these may be bound to large molecules points to the possibility that this antibiotic may bring about its lethal action after binding to DNA as a free radical.
The following abbreviations are used: EPR, electron paramagnetic resonance; PMS, phenazine methosulfate (5-methylphenazinium methyl sulfate); tris, tris (hydroxymethylamino) methane; NADH, reduced nicotinamide adenine dinucleotide.
